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Abstract

The oxidation of Ni-Al intermetallic alloys in the B-NiAl phase field and in the two
phase 3-NiAl/y'-Ni,Al phase field has been studied between 1000°C and 1400°C. The
stoichiometric B-NiAl alloy doped with Zr was superior to other alloy compositions under
cyclic and isothermal oxidation. The isothermal growth rates did not increase monotonically
as the alloy Al content was decreased. The characteristically ridged a-Al,O, scale
morphology, consisting of cells of thin, textured oxide with thick ridges at cell boundaries,
forms on oxidized B-NiAl alloys. The correlation of scale features with isothermal growth
rates indicates a predominant grain boundary diffusion growth mechanism. The 1200°C

cyclic oxidation resistance decreases near the lower Al end of the B-NiAl phase field.



Introduction

Aluminide intermetallics are being considered for use as matrix materials for high-
temperature intermetallic matrix composites. Unlike most aluminides being considered, 8-
NiAl has excellent oxidation resistance as a result of the easy formation of protective Al Oz
scales. Although not as oxidation resistant as 3-NiAl, y'-Ni,Al also readily forms protectwe
AL O, scales durmg isothermal oxidation. There is an interest in using lower Al 8-NiAl
alloys and B/v' alloys as high temperature structural materials because of possible increases
in ductility relative to stoichiometric 8-NiAl [1]. The isothermal oxidation of some alloys
within this composition range has been performed [2], but the cyclic and isothermal
oxidation of the more important rare-earth doped engineering Ni-Al alloys has not been
studied systematically. Therefore, an understanding of the oxidation behavior of alloys
ranging from the stoichiometric B-NiAl to y'-Ni,Al would be beneficial.

The current understanding of the oxidation behavior of both '-Ni Al and B-NiAl has
been developed through many studies involving scale growth kinetics, scale morphologies
and oxide adherence mechanisms [3-8]. For y'-Ni,Al, the oxidation mechanisms are similar
to many alumina forming alloys. Upon exposure o the oxidizing environment, NiO,
NiALO,, and Al O, form during a fast growth transient stage. The transient scales often
consist Of textured, fine-grained oxides. Eventually a healing a-Al O, layer forms beneath
the transient scale and the scale growth rate decreases dramatlcalf Based on the columnar
scale morphologies (Figure 1a) [3] and 180 tracer measurements [9] the scale is believed to
grow by inward oxygen grain boundary diffusion.

The oxidation mechanisms of B-NiAl differ from that of y'-Ni,Al. The transient stage
of oxidation on B-NiAl results in the formation of predominantly metastable phases such as
8-ALO, and 8-AL0, [10]. The transient scale growth rates are comparable to the transient
scalés on v'-Ni Al because scale growth is controlled by outward cation diffusion. After an
incubation perlod the metastable AL,O, phases transtorm to «-ALO,, beginning at the
gas/oxide surface and moving inward towards the scale/metal interfade and radially along
the scale [6]. This particular mechanism of Al,O, formation results in a number of features
in the scale which ultimately control the scale growth. The features are displayed in the
schematic of a mature a-Al,O, scale that would form on 8-NiAl, shown in Figure 1b [6].
The transformation to a-Al O3 involves an approximately 13% volume reduction.
Therefore, radial tensile cracks develop in the scale which quickly heal by the formation of
fine, equ1axed a-ALO, grains at the crack base. These regions appear to grow by inward
oxygen grain bouncfary diffusion, because scale growth is observed only on the scale
underside in these regions. The Tadial spreading of the transformed oxide results in a
mosaic of textured, a-Al,O, subgrains forming cells; each cell is the result of one nucleation
event. The misorientations between subgrains are a minimum near the original nucleation
point and are a maximum at the regions where adjacent cells meet. Ridges form along cell
boundaries and along subgrain boundaries having relatively higher misorientations. The
ridges form predominantly on the outside of the scale, and thus, are a result of outward
cation diffusion. Therefore, overall scale growth results from both inward oxygen and
outward Al diffusion along many different types of short-circuit paths.

Although much appears to be known about the oxidation mechanisms of y'-Ni, Al
and B-NiAl, the current understanding can only be applied over a limited temperature range
in which experimental data has provided evidence. Temperatures above 1300°C for -NiAl

and 1200° C for y'-Ni,Al have not been studied in depth because these temperatures are
beyond the current usage temperature for the respective alloys. Cyclic oxidation data of
these materials has been performed [11,12], but is sparse, even though this type of testing
provides a more accurate depiction of usage conditions. Alloy compositions with respect to
Al content and adherence-promoting elements have not been optimized. Therefore, more
work needs to be done to provide a broader basis for the use of nickel aluminides in hlgh
temperature applications.

The purpose of the present program is twofold: a) to determine the effects of
decreased Al contents on the isothermal and cyclic oxidation of 8-NiAl and B-NiAl/y"-Ni,Al
alloys, and b) to determine the upper temperature limits for usage based on degradatlon by
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oxidation. Temperatures up to 1400°C at various alloy compositions between the
stoichiometric B-NiAl and v'-Ni,Al phases are being studied in both cyclic and isothermal
modes of oxidation. It is believed that a study of this nature should provide information

involving limits on using these nickel aluminides for oxidation protection at high
temperatures.
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Figure 1. Schematics of a-Al,O, morphologies that form on different alumina-
forming alloys.
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Experimental Procedures

Alloys were obtained by arc melting the prescribed amounts of high purity Ni, Al and
Zr and drop casting in copper molds approximately 0.5 x 0.5 x 1.25 inches. The nominal and
actual compositions (determined by various analytical techniques) of the twelve alloys are
shown in Table 1. Alloys will be referred to by their phase at room temperature, Al
concentration and the absence or presence of 0.1 wt% Zr. For example, 350.2+
corresponds to B-NiAl having 50.2 at% Al with .04 at% (.1 wt%) Zr. The castings were
spark machined into specimens approximately 1x 1x 0.1 cm. Specimens were abraded
using consecutively finer grades of SiC paper, the final surface being 600 grit. Specimens
were cleaned with soap water and rinsed in alcohol then acetone prior to oxidation.

Isothermal oxidation tests were performed using a Cahn 1000 thermogravimetric
electrobalance apparatus. Cyclic testing was performed using a system combining an
automatic pneumatic withdrawal apparatus with high temperature furnaces, which have
been described elsewhere [12]. The data consisted of weight changes as a function of test
time. Oxidation tests were performed at 100°C intervals between 1000°C and 1400°Cin
flowing oxygen (isothermal) and stagnant air (cyclic). Isothermal tests were performed for
100 hours. Cyclic tests were continued until significant amounts of non-protective oxides
were formed.

Analysis of the specimens following oxidation treatments consisted of scanning
electron microscopy (SEM), X-ray diffraction (XRD), optical microscopy and some
transmission electron microscopy (TEM).

Table I. Nominal and Actual Allov Compositions (at%)

Designations Nominal Actual
B50.2+ Ni-50.0A1-.05Zr Ni-50.2A1-.04Zr
B49.4— Ni-50.0Al Ni-49.4Al
346.8+ Ni-46.5A1-.05Zr Ni-46.8Al-.05Zr
B43.9+ Ni-43.0Al-.05Zr Ni-43.9A1-.04Zr
B39.9+ Ni-39.0AI-.05Zr Ni-39.9A1-.04Zr
B37.5+ Ni-36.5A1-.05Zr Ni-37.5Al-.04Zr
B/y'35.5+ Ni-34.0Al-.05Zr Ni-35.5A1-.04Zr
B/vy'33.2+ Ni-32.0Al1-.05Zr Ni-33.2A1-.04Zr
B/y'31.1— Ni-30.0A1 Ni-31.1Al
R/y'30.6+ Ni-30.0Al1-.05Zr Ni-30.6Al1-.04Zr
B/v'29.0+ Ni-27.5A1-.05Zr Ni-29.0Al-.04Zr
B/y'26.8+ Ni-25.0A1-.05Zr Ni-26.8Al-.04Zr

Isothermal Oxidation

Results

Oxidation Kinetics. An Arrhenius plot of the parabolic growth rates versus
temperature are shown in Figure 2a, for the higher Al content alloys, and Figure 2b, for the
lower Al content alloys. The parabolic growth rate constants, k_ (measured in mg*/cm*/hr),
were determined using the steady-state portion of the kinetic cdrve rather than the
combined transient and steady-state portions [13]. In most cases, the kinetic curves followed
a parabolic rate law. However, an upward deviation, implying faster growth kinetics than
parabolic, was observed for some lower Al content alloys, especially at the higher
temperatures. In these cases, kp values were estimated from the regions showing faster
growth kinetics.
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The data of Figure 2, in general, are within a band ranging from 0.5 to 2.5 orders of
magnitude wide for the temperature range covered. The experimental scatter of each data
point (determined by repeated tests) was negligible relative to the large differences in
measured growth rate constants shown in Figure 2. Activation energies were determined
using regression analysis from the oxidation kinetics at 1100°C and above for each
individual alloy (Table II). There is no general trend of activation energy with alloy
composition. The highest activation energy obtained was for the oxidation of 850.2+. All
values are in the range of previously determined values for the oxidation of similar alloys
[2,13]. The activation energies of alloys without Zr are much less than those of similar alloys

with Zr.

TEMPERATURE (C)

1400 1300 1200 1100 1000
1
O B494-
':'E' O B50.2+
< A PB46.8+
(\Ej V B43.9+
g, O B39.9+
E D> PB375+
()]
2
(o %
X
g 2
-5 [ [ ! | ] y O ] L 11

60 62 64 66 68 7.0 72 74 76 7.8 8.0
TEMPERATURE ™" (1/K x 104 )
(a) HIGHER % Al ALLOYS.

Bry35.5+
B/Y33.2+
BrY31.1-
By30.6+
BAY29.0+
BAY26.8+

vodpaoo

log kp [log(mgZ/cm®/hn)]

v
_5 | | | | | | ! | | |
60 62 64 66 68 7.0 72 74 76 7.8 80
TEMPERATURE 1 (1/K x 104)
(b) LOWER % Al ALLOYS.

Figure 2. Arrhenius plots of parabolic growth rate constants
as a function of temperature.
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The large reduction in activation energy for alloys without Zr arises from increased
k]P values at the lower temperatures. For example, at 1200°C in Figure 2a, B50.2+ had the
slowest growth rate, whereas f49.4— had the highest growth rate. The same is true for the
lower Al alloys in Figure 2b. The growth rate is generally higher for the alloys without Zr.

‘A major observation in Figure 2 is that the k  values do not increase monotonically
with decreasing alloy Al concentration. This point iS shown more dramatically in Figure 3
which is a plot of k_ values versus Al concentration at each temperature for alloys with Zr
additions. Although the endpoints of each curve suggest that the k_ values increase with
decreasing alloy Al concentration, no continuous trend exists. Thefefore, an exact
correlation of alloy Al content with scale growth rate is improbable.

Table II. Activation Energies for Isothermal Oxidation
(1100°C-1400°QC)

Alloy Q (kcal/mole/deg)
B50.2+ 60.8
349.4— 43.9
B46.8+ 42.1
B43.9+ 50.5
B39.9+ 43.7
B37.5+ 44.8
B/y'35.5+ 52.4
B/v'33.2+ 52.9
B/y'31.1— 23.9
B/v'30.6+ 50.0
B/v29.0+ 60.3
B/v'26.8+ 43.9
Tr—
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Figure 3. Logarithmic plot of parabolic growth rate constants
as a function of aluminum content for the various oxidation
temperatures.
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Scale Morphologies. The scale surface morphologies after 100 hours of isothermal
oxidation were studied using SEM. The scale morphologies on 850.2+ as a function of
temperature are shown in Figure 4. The morphology that forms at 1000°C (Figure 4a)
consists of needles or platelets of oxide throughout. These are remnant of the transient
scales which tend to grow by outward cation diffusion [10,6]. However, a broad ridge and
radial transformation cracks also evident indicate that the scale has transformed (or
partially transformed) to a-AlLO,, and is beginning to form the ridge morphology as
described earlier. At 1100°C zF1gure 4b), distinct ridges have formed outlining large (10-20
pwm diameter) cells. The scale surface within cells has smoothed by surface ditfusion [6], but
still shows remnants of the transient morphology. The morphology differs at 1200°C
gFigure 4c) in that the spoke ridges are similar in character to ridges outlining cells.

ndividual cells can be delineated and are still quite large. At 1300°C (Figure 4d), distinct
cells and ridges cannot be clearly defined, because the overall morphology is too coarse.
Fine precipitates observable on the scale surface are rich in Zr. The scale morphology at
1400°C (Figure 4e) is extremely coarse and shows similar features as the 1300°C
morphology.

Figure 5 is a series of SEM micrographs of scale morphologies formed on different
alloys at 1200°C. Figure Sa is from a 50.2+ alloy, and is similar to Figure 4c. The
morphology shown in Figure 5b is from the B43.9+ alloy. The cell sizes are smaller (= 2-5
pm) and the ridges are thicker. The scale morphology that formed on 837.5+ (Figure 5c¢)
contains slightly larger cells (= 8-10 pm) and ridges having a similar thickness to those of the
B50.2+ morphology. The scale is convoluted and contains linear cracks throughout which
do not appear to be related to the transformation process, but most likely occur during
specimen cooling. Figure 5d shows the morphology formed on B/y'35.5+. The morphology
is similar in all respects to the morphology that formed on 843.9+ (Figure 5b). The alloy 1s
two-phase B/y' at room temperature, but becomes strictly 8-NiAl at 1200°C. No indications
of the ridge network are observable in the microstructure that formed on B/y'30.6+.
Although the alloy microstructure is two-phase at 1200°C and consists of lathes of y'-Ni,Al
amongst a 3-NiAl matrix, the scale morphology is uniform throughout and is similar to scales
that form on NiCrAlY alloys [14]. TEM investigations of the scale that formed after .05
hours at 1100°C on this alloy reveal a thicker oxide consisting of predominantly NiALO, on
the y-Ni,Al phase, and a thinner oxide consisting of predominantly 6-Al,O, on the B-i\IiA]
phase (ﬁgure 6).

The scale morphologies provide information regarding the scale growth mechanisms.
For example, by comparing the cell sizes of the ridge network with the scale growth rates, as
was done for oxidation at 1200°C shown in Figure 7, it is apparent that the larger the cell
size the slower the growth rate. This indicates that scale growth occurs by predominantly
boundary diffusion. A larger cell size implies less boundary area, and therefore, an overall
smaller flux of diffusing species. This situation is similar to the effect of scale grain size on
growth rates [15].

Similar arguments can be applied for the oxidation at 1000°C. Figures 8a through 8¢
show the scale morphologies formed on 850.2+, 343.9+, and B/y'35.3+, respectively. The
corresponding k_ values for oxidation on the respective alloys are 1.8 x 107, 3.3 x 10, and
1.5x 10 mg¥cni*/hr. The largest cell size (Figure 8a) corresponds to the slowest growth
rate. The smallest cell size (Figure 8b) corresponds to the fastest growth rate.

The k_ value at 1100°C for 50.2+ (with Zr) is 1.3 x 10~ mg*/cm*/hr whereas the };D
value for B49:4— (without Zr) is 2.2 x 10 mg*/cm*/hr (Figure 2a). A decrease of over on
order of magnitude occurred when as little as 0.1 wt% Zr was added to the alloy. This effect
is observed in the scale morphologies that formed on these alloys shown in Figure 9. The
morphology shown in Figure 9a is for $50.2+ oxidized at 1100°C and contains large cells
and narrow ridges; the morphology corresponds to the slow growth rate. The morphology
shown in Figure 9b is for 349.4— oxidized at 1100°C and contains small cells and very thick
ridges; this morphology corresponds to a high growth rate. Whiskers of oxide are observed
in the B49.4— scale whereas no whiskers are observed in the f50.2+ scale.
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(c) 1200 °c. «d) 1300 °c.

(e) 1400 °C.
Figure 4. SEM micrographs of scale surface morphologies that formed after
oxidation a 50.2+ alloy for 100 hours.
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(e) B/Y'30.6+.
Figure 5. SEM micrographs of scale surface morphologies that formed after
oxidation for 100 hours at 1200°C.

f:ﬁ; F ¥ T“ ] f‘ (-L)
9 @E gf-"..‘f.)z‘!i QUALITY



S i Al
3 MARTENSITE
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Figure 6. Micrographs of a 3/v'33.2+ alloy and corresponding oxide formed after
0.05 hr oxidation at 1100°C: a) optical micrograph showing y'-Ni,Al lathes amongst a
B-NiAl matrix; b) TEM bright field micrograph showing 6-Al,O; that formed over the
B-NiAl matrix and NiAl, O, that formed over the y-Ni,Al lathes.

Cyclic Oxidation

Cyclic oxidation was performed at 1200°C. Thermal cycles consisted of one hour at
temperature followed by an approximately 20 minute cooldown to slightly above ambient
temperature. The results after 200 cycles are shown in Figure 10 which is a plot of weight
change per unit area versus Al content. The results indicate that below approximately 40
at% Al, the cyclic oxidation resistance degrades rapidly. XRD analysis of the spalled scales
and the scales remaining on the alloy surface indicate that the sudden drop in weight change
corresponds to an increase in the presence of a less protective scale consisting of
predominantly NiAl,O,. - The upturn in the weight change curve corresponds to the
presence of NiO. This indicates that NiO formation overcompensates for the weight loss
which occurs by oxide scale spallation. The sudden upturn in weight change occurs at an Al
concentration which is within the two-phase B/y' region of the phase diagram at 1200°C,
directly adjacent to the B-NiAl phase field.

The obvious outlyer in the data shown in Figure 10 occurs at an Al concentration of
35.5 at%. This alloy is within the B-NiAl phase field at 1200° C but is within the two-phase
B/y' phase field at temperatures less than 1200°C. No scale spallation was observed on this
alloy. Also, the volume of the specimen increased with repeated testing. The alloy
microstructure indicates that as the specimen is cooled, '-Ni,Al precipitates on alloy grain
boundaries. During further cooling, the B-NiAl matrix undergoes a martensitic
transformation which involves a volume expansion. It is believed that the volume expansion
counteracts the stress related to thermal expansion mismatch between the scale and alloy
which would ultimately result in scale spallation. This effective stress relief minimizes
spalling such that the cyclic weight changes approximate those measured after isothermal
growth.
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(3) B37.5+, (b) B43.9+.
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Figure 7. SEM micrographs of scale surface morphologies after oxidation for 100
hours at 1200°C and corresponding plot of cell size as a function of scale growth rate

constant.
Discussion

The isothermal oxidation of Ni-Al alloys in the B-NiAl and two-phase /' phase
fields resulted in parabolic scale growth rate constants that are not directly related to alloy
Al concentration. The slowest growth rate at temperatures between 1100°C to 1400°C was
for B50.2+, a stoichiometric B-NiAl alloy containing .04 at% Zr. The fastest growth rate at
these temperatures was not always for the lowest Al-containing alloy, B/y'26.5+. However,
for the B-NiAl alloys, a direct relationship existed between scale growth rates and scale
morphologies. All 3-NiAl alloys resulted in oxide scales having the ridged morphology. The
smaller the cell sizes and the thicker the ridges, the faster were the scale growth rates. This
implies a boundary diffusion mechanism for scale growth.

Alloy Zr concentration was found to have a large effect on scale growth rates and
morphologies. For -NiAl without Zr, scale growth rates sometimes were an order of
magnitude or more greater than for -NiAl with Zr. The ridge morphology on 3-NiAl
without Zr consisted of smaller cells and thicker ridges than the scale which formed on -
NiAl with Zr. In addition, whiskers were observed in the scale formed on -NiAl without Zr.
Thicker ridges and the presence of whiskers imply an outward Al diffusion mechanism. Zr
additions appear to suppress the extent of Al outward diffusion as suggested previously [7].
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(a) B50.2+, kp = 1.18x107° (b) Bu3.9+, kp = 3.28x107"
MGZ/CML'/HR . MGZ/CMq/ HR.

SN T
28 ey, 20 pm
(c) B/Y'35.5+, kp = 1.51x107"
MG2/CMU/HR.

| Figure 8. SEM micrographs of scale surface morphologies after oxidation for 100
| hours at 1000°C and corresponding scale growth rate constants.
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Figure 9. SEM micrographs of scale surface morphologies and corresponding
growth rate constants after oxidation for 100 hours at 1100°C.
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Figure 10. Specific weight change plot as a function of alloy aluminum
content for cyclic oxidation at 1200°C for 200, 1-hour cycles.
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Smaller cell sizes would suggest a faster nucleation of the transformation to a-AlL,O,. Zr was
found to drastically suppress the transformation in bulk Al,O, {16}, and could be responsible
for fewer a-AlL O, nuclei resulting in larger cell sizes. Although the ridge network, the
presence of which would definitively suggest outward Al diffusion, was not observed on the
two-phase B/y' alloys, the growth rates were still reduced with Zr additions suggesting that
Zr reduces aluminum and/or oxygen diffusion within the scale.

The cyclic oxidation of Ni-Al alloys doped with Zr in the B-NiAl and two-phase /'
phase fields resulted in a sharp drop in the weight change per unit area at agproximately 40
at% Al after 200 1-hour cycles at 1200°C. Coupled with the onset of NiAL O, formation,
this implies that an insufficient amount of Al is present at the scale/metal interface to sustain
the formation of a protective Al,O, scale. Therefore, specimens originally containing less
than 40 at% Al have exceeded their useful life as an oxidation resistant material under these
experimental conditions. Because diffusion within the alloy is a limiting factor, specimen
thickness, temperature, the number of cycles and cycle time will all play a role in
determining the point at which a protective Al,O, scale can no longer form [17,18].

Summary of Results

1) The 1200°C cyclic oxidation resistance of 3-NiAl + Zr after 200 1-hour cycles is
degraded for specimens containing less than 40 at% Al.

2) The isothermal growth rates of Ni-Al alloys doped with Zr in the B-NiAl and twq-
phase B/y' phase fields do not have a direct relationship with alloy Al concentration.
However, there is a direct relationship between scale morphology and scale growth rates for

B-NiAl alloys.
3) The ridge morphology of oxide scales forms throughout the B-NiAl phase field.

4) Additions of Zr reduce the scale growth rates of alloys in the B-NiAl and two-
phase B/y' phase fields. Additions of Zr to 3-NiAl alloys tend to eliminate whisker formation
and reduce the thickness of scale ridges, suggesting a suppression of outward Al diffusion
through the scale.

Conclusions

1) The effect of reduced Al contents on the isothermal oxidation of B-NiAl + Zr up
to 100 hours is to increase the growth rate of the scale relative to the stoichiometric alloy in
a non-monotonic fashion. Surface features of the scale morphology change correspondingly
with scale growth rate.

2) The upper temperature limit for Zr-doped Ni-Al alloys with less than
approximately 40 at% Al is below 1200°C, based on a 200, 1-hour cyclic oxidation criterion
of positive weight change. Cyclic oxidation studies at higher temperatures are required to
set the temperature limits for NiAl + Zr alloys having greater than approximately 40 at%
Al
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